Introduction
Kir2.1, also known as IRK1, is a member of a large gene family of inwardly rectifying K + channels, Kirs 1 (1) (2) (3) . These channels conduct current more efficiently in the inward than the outward direction due to a voltage-dependent block by intracellular Mg 2+ and polyamines, and have high selectivity for K + over Na + (1, 2, (4) (5) (6) . Kirs differ in the degree of rectification and in single channel conductance (3) . Physiologically, Kirs maintain the resting membrane potential, regulate cellular excitability, and secrete K + necessary for either K recycling or K excretion.
Based on hydropathy plots, Kirs are predicted to have two α-helical transmembrane segments M1 and M2, and cytoplasmic N-and C-termini ( Figure 1A , Left Panel). The putative pore-forming segment H5 is thought to be intramembranous and links the two extracellular loops, E1 and E2. Voltage-dependent K + channels, Kvs, have a highly homologous H5 segment that appears to be the major pore determinant ( Figure 1B , 7-10). H5
contains eight highly conserved residues and has been proposed as the selectivity filter of K + channels (Figure 1B; 9) . Three residues in the signature sequence GY/FG are absolutely conserved among all K + channels. The prediction of K selectivity by H5 is in agreement with the crystal structure of a K + channel, KcsA from Streptomyces lividans (11) in which five residues, TVGYG, of the signature sequence are critical for selective permeation. In this structural model, residues TVGYG of KcsA, as well as the corresponding residues of other K + selective channels, are proposed to orient their side chains away from the pore so backbone carbonyl oxygen atoms form the selectivity filter, and thus GYG are absolutely required for K + selectivity.
GYG sequence ( Figure 1B ). In addition, a recent study of KcsA has shown that this same nonconserved substitution does not alter electrophysiological properties (12) . Two recent studies of Kir2.1 also demonstrate that K + selectivity was retained when Tyr was mutated to Phe (13) , and the amide carbonyls of the invariant Gly residues were changed to ester carbonyls (14) .
We have mapped the topological structure of Kir1.1, a weak inwardly rectifying K + channel, using biochemical methods to identify which novel N-glycosylation sequons of Kirs are utilized (15) (16) (17) . The initial steps of N-glycosylation occur on the luminal side of the endoplasmic reticulum, and therefore only extracytoplasmic segments of membrane proteins can be glycosylated (18 (15) (16) (17) . To assess whether this biochemically-derived topological structure is an accurate description of other Kirs, we examined a different member of the Kir class, Kir2.1 ( Figure   1B ). These two distinct inward rectifiers were chosen based on their different biophysical properties; Kir2.1 is a strong inwardly rectifying channel and exhibits intrinsic gating, whereas Kir1.1 is a weak inwardly rectifying channel and lacks time-dependent gating (3).
Kir2.1 N-glycosylation substitution mutants were engineered to contain one novel site.
Glycosylation was demonstrated by immunoband shift assays before and after, either tunicamycin (an inhibitor of N-glycosylation), or endoglycosidase H (an enzyme which cleaves high-mannose oligosaccharides from glycoproteins) treatment. Cell surface expression was detected by biotinylation of surface proteins and whole cell and single channel currents. We found that introduced N-glycosylation sites at positions 140 and 143, in 
Experimental Design
In our topological model of Kir1.1, the putative H5 segment is extracellular (15, 16) .
To assess whether the extracellularity of this segment is novel to Kir1.1 or is a general structural feature of Kirs, we have studied a strong inwardly rectifying K + channel, Kir2.1, using N-glycosylation tagging. N-glycosylation sites were introduced one at a time in and near the pore-forming segment, H5, see Figure To determine whether glycosylated and unglycosylated channels could be differentiated at the cell surface, whole-cell current measurements were made in the absence and presence of tunicamycin for each mutant ( Significance was determined using t-Test of two populations. Typical whole-cell current tracings of tunicamycin-treated infected cells are shown in Figure 3C . Current patterns were similar to untreated infected cells. were relatively large and it was blocked by barium as shown for S128N and F147N/C149T.
The currents for WT, K117N, S128N and F147N/C149T were quite large so barium block is shown in the low K + solution whereas the currents for Q140N and I143N/Y145T were very small so barium block studies were conducted using the high K + solution.
Detection of Glycosylated Protein from the Plasma Membrane
Previously, we have shown that glycosylated and unglycosylated Kir1.1 channels could be differentiated at the cell surface by reductions in whole-cell currents and opening probabilities before and after tunicamycin treatment (15) (16) (17) . Tunicamycin treatment produced no significant changes in the currents for glycosylated Kir2.1 N-glycosylation substitution mutants (S128N, Q140N, I143N/Y145T and F147N/C149T, Table 1 ). To demonstrate that glycosylated channels are transported to the plasma membrane, surface proteins were biotinylated, and bulk purified using strepavidin-agarose resin. Kir2.1 mutant proteins were detected by Western blotting using the M2 antibody ( Figure 6 ). Q140N migrated as a singlet. When Q140N samples were digested with endoglycosidase H, a doublet was observed. The lower band was the most prominent band, indicating that the majority of oligosaccharide was removed from glycosylated Q140N protein. I143N/Y145T ran as a doublet and only the lower band was present after digestion with endoglycosidase H.
In both cases, the amount of glycosylated protein was higher when glycosylation was assayed from surface expressed Kir2.1 proteins than total Kir2.1 proteins. In fact, virtually all of the Q140N protein that was transported to the cell surface was found to be glycosylated.
Discussion
In this study, we conducted experiments on Kir2.1 channels in which N-glycosylation sites were introduced in and near the putative pore-forming segment, H5. Measurements of partially purified Kir2.1 proteins from total membranes showed a slower migrating immunoband for S128N, Q140N, I143N/Y145T and F147N/C149T that was not present when cells were treated with tunicamycin or in WT Kir2. Functional measurements indicated that 117, 128, 140, 143 and 147 mutant channels are at the cell surface. In all cases, whole-cell currents showed strong inward rectification and were blocked by barium. In contrast, the single channel current amplitudes were greatly reduced for Q140N and I143N/Y145T, and opening probabilities were also very low. These different current properties may indicate that the channels are folded incorrectly and therefore glycosylation occurs only when the H5 region is folded abnormally. However, the current amplitude exhibited by these two mutants appear to be similar to the low subconductance state detected in Kir2.1 channels expressed in Xenopus oocytes, HEK cells and mouse cardiac myocytes (28), as well as rabbit ventricular myocytes (29) . This would suggest that the channels are folding properly but the WT Kir2.1 main open state is not stable. Furthermore, cysteine mutagenesis studies indicated that the H5 segment in the mature protein is accessible from the extracellular side (25, 26) . Immunoband shifts by endoglycosidase H showed that virtually all the Q140N protein in the plasma membrane was glycosylated and that a higher ratio of glycosylated I143N/Y145T was present at the plasma membrane than in total membranes. This result indicates that either more glycosylated protein is transported to the cell surface or that it is more stable. Taken together, the results suggest that glycosylated Q140N channels are correctly folded at the cell surface and functional, as well as the other glycosylated channels, S128N, I143N/Y145T and F147N/C149T.
A previous study of Kir2.1 reported that R148 and E138 form a salt bridge, and that disruption of this bridge dramatically alters ion selectivity and permeation (30) . These observations are further supported by the Kir6 model, which was built from the crystal structure of KcsA (31) . However, a more recent study has demonstrated that K + selectivity is maintained when a Met is substituted at R148 in Kir2.1 but permeation properties are changed (32) . Interestingly, our study shows that nonconserved mutations on each side of R148 do not abolish K + selectivity but the current amplitudes are reduced by about 55% (see Figure 3 ). K + selectivity was also retained when the two corresponding residues were mutated in Kir1.1 (16) . The double mutants also had N-linked oligosaccharide at positions 147 and pore are coupled to the pore structure, and thus alter ion channel properties. It is possible that protein-protein contacts of the multimeric protein channel may affect the highly positive cooperativity of the transition between closed and main open states. Thus, disrupting proteinprotein contacts of the multimeric protein channel would alter channel gating, ion permeation and/or ion selectivity.
In conclusion, our study of a strong inward rectifier, and our earlier study on a weak inward rectifier (15) (16) (17) show that H5, the putative pore-forming segment, of Kirs is an The steady-state currents (I (ss) ) at -120 mV were determined and divided by the cell capacitance (cap) in the absence (-) and presence (+) of tunicamycin (TM) for each N-glycosylation substitution mutant, as indicated. The number of observations is indicated in the corresponding n columns.
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